Intermittent hypoxia (IH) occurs in many pathological conditions including recurrent apneas. Hypoxia-inducible factors (HIFs) 1 and 2 mediate transcriptional responses to low O 2 . A previous study showed that HIF-1 mediates some of the IH-evoked physiological responses. Because HIF-2␣ is an orthologue of HIF-1␣, we examined the effects of IH on HIF-2␣, the O2-regulated subunit expression, in pheochromocytoma 12 cell cultures. In contrast to the up-regulation of HIF-1␣, HIF-2␣ was down-regulated by IH. Similar down-regulation of HIF-2␣ was also seen in carotid bodies and adrenal medullae from IH-exposed rats. Inhibitors of calpain proteases (ALLM, ALLN) prevented IH-evoked degradation of HIF-2␣ whereas inhibitors of prolyl hydroxylases or proteosome were ineffective. IH activated calpain proteases and down-regulated the endogenous calpain inhibitor calpastatin. IH-evoked HIF-2␣ degradation led to inhibition of SOD2 transcription, resulting in oxidative stress. Over-expression of transcriptionally active HIF-2␣ prevented IH-evoked oxidative stress and restored SOD2 activity. Systemic treatment of IH-exposed rats with ALLM rescued HIF-2␣ degradation and restored SOD2 activity, thereby preventing oxidative stress and hypertension. These observations demonstrate that, unlike continuous hypoxia, IH leads to down-regulation of HIF-2␣ via a calpain-dependent signaling pathway and results in oxidative stress as well as autonomic morbidities.
S
leep-disordered breathing with recurrent apneas is a leading cause of morbidity and mortality affecting an estimated 18 million people in the United States alone (1) (2) (3) (4) . Recurrent apneas are characterized by transient, repetitive cessations of breathing (Ϸ10 sec in adults) resulting in periodic decreases in arterial blood O 2 or intermittent hypoxia (IH). Patients with recurrent apneas are at risk for developing several comorbidities including hypertension, sympathetic activation, breathing abnormalities, atherosclerosis, and stroke (4) (5) (6) (7) (8) . Exposure of rodents to IH alone induces several co-morbidities reported in patients with recurrent apnea (9) (10) (11) . However, little information is available on the molecular mechanisms underlying the morbidities associated with IH.
Hypoxia-inducible factors (HIFs) mediate transcriptional responses to low O 2 (12) . HIF-1 is the prototypical member of the HIF family and comprises an O 2 -regulated ␣ subunit and a constitutive ␤ subunit (13) . HIF-1 transcriptional activity is induced under continuous hypoxia (CH) as a result of HIF-1␣ protein accumulation resulting from decreased O 2 -dependent proline hydroxylation, ubiquitination, and proteasomal degradation (14) . Recent studies showed that IH leads to HIF-1␣ accumulation and utilizes signaling pathways distinct from those identified with CH (15) . The importance of HIF-1 to IHassociated physiological and pathophysiological responses was studied in mice with heterozygous deficiency of HIF-1␣. IHevoked cardio-respiratory and metabolic morbidities were absent in HIF-1␣ heterozygous mice (16) .
The O 2 regulated ␣ subunit HIF-2␣, also known as endothelial PAS domain protein-1, is another member of the HIF family (17) . HIF-2␣ shares 80% sequence homology to HIF-1␣ and also interacts with HIF-1␤ (18) . Similar to HIF-1, CH leads to HIF-2␣ accumulation and the resulting transcriptional activation regulates several target genes that are also common to HIF-1 (19) . We hypothesized that HIF-2 signaling is also affected in IH-evoked autonomic morbidities. To test this hypothesis, we studied the effects of IH on HIF-2␣ accumulation, a prerequisite for HIF-2 activation, in cell cultures and rodents. In contrast to the up-regulation of HIF-1␣, we found that IH down-regulates HIF2␣ protein levels via signaling involving calpain proteases. Remarkably, systemic administration of calpain inhibitors restored HIF-2␣ levels in IH-exposed rats and prevented IHinduced oxidative stress and cardiovascular abnormalities.
Results
Differential Responses of HIF-1␣ and HIF-2␣ to IH. HIF-1␣ and HIF-2␣ protein levels were analyzed by immunoblot in rat pheochromocytoma 12 (PC12) cell lysates exposed to 60 cycles of IH (IH 60 ; each cycle consisting of 30 sec of 1.5% O 2 followed by 5 min of 20% O 2 ) or CH (1.5% O 2 for 4 h) or normoxia (20% O 2 ). Basal HIF-2␣ expression was higher than HIF-1␣ (Fig. 1A) . Consistent with a previous report (15) , HIF-1␣ expression increased Ϸ4-fold in cells exposed to IH 60 . In striking contrast, HIF-2␣ levels markedly decreased in cells exposed to IH 60 ( Fig.  1 A) . Similar down-regulation of HIF-2␣ was also seen in human lung microvascular endothelial cells exposed to IH 60 (data not shown). In comparison, exposing PC12 cells to 4 h of CH led to significant accumulation of both HIF-1␣ and HIF-2␣ (Fig. 1 A) .
HIF-2␣ protein progressively decreased as the duration of IH was increased from 15 to 30 to 60 cycles (Fig. 1B) . O 2 profiles remained constant during the course of a given experiment and medium PO 2 decreased by Ϸ30 mmHg during each episode of hypoxia [supporting information (SI) Fig. S1 A] . After terminating IH 60 , HIF-2␣ levels remained significantly down-regulated for 6 h and returned to normoxic levels after 16 h of reoxygenation (Fig. 1C) . Cell viability was not affected by IH 60 as This article is a PNAS Direct Submission.
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determined by lactate dehydrogenase activity (control 0.61 Ϯ 0.15 mol NADH oxidized min/mg/protein; IH, 0.63 Ϯ 0.12 mol; P Ͼ 0.05; n ϭ 4). These observations demonstrate that, unlike the up-regulation of HIF-1␣, IH leads to down-regulation of HIF-2␣ in a stimulus-dependent and reversible manner.
IH 60 led to modest but significant up-regulation of HIF-2␣ mRNA in PC12 cells as assessed by real-time RT-PCR (P Ͻ 0.05; Fig. S1B ). Prolyl hydroxylase (PHDs) isoforms 1-3 contribute to regulation of HIF-2␣ under normoxia (20) . Dimethyloxalylglycine (1 mM), an inhibitor of PHDs, up-regulated HIF-2␣ protein in normoxic cells, yet the protein was down-regulated by 50%-60% in response to IH 60 ( Fig. S1 C and D) . Similar results were also obtained with MG-132 (5 M), a proteasome inhibitor ( Fig.  S1 C and D (21) . A recent study reported that calpains mediate HIF-1␣ degradation in pVHL-deficient renal carcinoma cells exposed to a combination of hypoxia and nitric oxide donor (22) . To test the role of calpains, calpain enzyme activity was determined in PC12 cells exposed to IH 60 . Calpain activity was significantly elevated in IH 60 -exposed cells, and 10 M BAPTA-AM prevented this effect; whereas ionomycin and thapsigargin stimulated calpain activity in cells exposed to normoxia (Fig. 2C) . These observations demonstrate that the measured calpain enzyme activity requires Ca 2ϩ .
We next determined the effects of calpain inhibitors ALLN and ALLM (10 M each) on IH-evoked calpain activation and HIF-2␣ degradation. Both calpain inhibitors prevented IH-induced calpain activation (Fig. 2C) as well as HIF-2␣ degradation ( Fig. 3 A and B) . Basal HIF-2␣ expression increased under normoxia in presence of ALLN but not ALLM (Fig. 3A) , conceivably as a result of the effect of ALLN on proteosome activity (23), Therefore, ALLM was chosen in subsequent studies.
Four potential calpain binding sites were identified in HIF-1␣, two at the amino terminus and the other two at the carboxy terminus (22) . Comparison of the amino acid sequence of HIF-1␣ and HIF-2␣ revealed conserved calpain binding sites in the amino terminus of HIF-2␣. To test whether calpains interact with HIF-2␣, co-immunoprecipitation experiments were performed. For these studies, the effects of IH 15 and IH 30 were examined because Ϸ80% of HIF-2␣ protein was degraded in response to IH 60 , precluding detection of calpain/HIF-2␣ complex. In cells exposed to IH 15 or IH 30 , significant amount of HIF-2␣/calpain 1 complex was detected (Fig. 4 A and B) compared with normoxic controls. Parallel experiments with calpain 2 revealed inconsistent results (n ϭ 3; data not shown).
To further establish that HIF-2␣ is a substrate for calpain 1, cell lysates from normoxic PC12 cells were incubated with purified calpain 1 (3 mg/mL) in the presence of CaCl 2 (1 mM) with and without the Ca 2ϩ chelator EDTA (2 mM). HIF-2␣ was completely degraded when cell lysate was incubated as briefly as 15 min with calpain 1 and CaCl 2 ; addition of EDTA prevented this effect (Fig. 4C) . These results, taken together with coimmunoprecipitation studies, demonstrate that HIF-2␣ is a substrate for calpain 1 and suggest that calpain activation contributes to HIF-2␣ degradation by IH.
IH Down-Regulates Calpastatin, Endogenous Inhibitor of Calpains. In vivo calpain activity is under the regulation of calpastatin, an endogenous inhibitor of calpains (24) . To test whether IH affects this endogenous inhibitor, calpastatin protein levels were analyzed by immunoblot in cells exposed to IH 60 or normoxia. As shown in Fig. 4 D and E, IH decreased calpastatin levels by 30% Ϯ 4% compared with normoxic controls (P Ͻ 0.01). More importantly, pretreating cells with calpastatin (2 M) completely prevented IH 60 -evoked HIF-2␣ degradation (Fig. 4F ) and calpain activation (data not shown). These results indicate that calpastatin down-regulation contributes in part to IH-evoked calpain activation and the ensuing HIF-2␣ degradation.
Down-Regulation of HIF-2␣ Contributes to IH-Induced Oxidative
Stress. IH induces oxidative stress in cell cultures and in rodents (25) . Because HIF-2␣ deficiency also leads to oxidative stress (26), we hypothesized that HIF-2␣ down-regulation contributes to IH-evoked oxidative stress. To test this possibility, PC12 cells were transfected with either pHIF-2␣ (i.e., overexpression) or empty vector (i.e., control) expression plasmid, and then were exposed to either IH 60 or normoxia. The levels of thio-barbituric acid reactive substances (TBARS) were monitored as an index of oxidative stress along with HIF-2␣ protein levels. As shown in Fig. 5A , in cells transfected with an empty vector, IH resulted in elevated TBARS levels and down-regulation of HIF-2␣. In contrast, in cells overexpressing HIF-2␣, TBARS levels were unchanged by IH 60 and HIF-2␣ degradation was less pronounced compared with cells transfected with empty vector.
Oxidative stress is a consequence of increased generation of reactive oxygen species (ROS) by pro-oxidants and/or of decreased degradation of ROS by anti-oxidants including anti-oxidant enzymes (AOEs). A previous study reported that HIF-2 activates the major AOE genes including copper/zinc and manganese superoxide dismutases (Cu/ZnSOD and MnSOD encoded by SOD1 and SOD2, respectively), catalase (CAS1), and glutathione peroxidase (26) . Analysis of the AOE activities in IH 60 -exposed PC12 cells revealed significant decrease in SOD2 activity (60% Ϯ 5%; P Ͻ 0.01; n ϭ 5), whereas other AOE activities showed either no change (CAS1 and GPX; P Ͼ 0.05; n ϭ 5) or inconsistent effects (SOD1; P Ͼ 0.05; n ϭ 5).
(GPX1)
To test whether the decreased SOD2 activity of IH-exposed PC12 cells is caused by transcriptional down-regulation of SOD2, PC12 cells were transfected with a SOD2 promoter linked to a luciferase reporter plasmid or pGL3-basic plasmid (control), and then were exposed either to IH 60 or to normoxia. SOD2 promoter activity was down-regulated by 50% Ϯ 1% in cells exposed to IH 60 ; this effect was prevented by co-transfection with a transcriptionally active, but not with an inactive, HIF-2␣ plasmid (Fig. 5B ). These observations suggest that HIF-2␣ degradation contributes to IHinduced oxidative stress by leading to insufficient induction of SOD2 transcription. A calpain inhibitor, ALLM (10 M), that prevented HIF-2␣ degradation also abolished IH-evoked increase in TBARS levels (Fig. 5C ) and prevented the inhibition of SOD2 activity in cells exposed to IH 60 - (Fig. 5D ).
HIF-2␣ Degradation Contributes to IH-Evoked Autonomic Morbidity.
Our cell culture results demonstrate that IH degrades HIF-2␣ via calpain activation and HIF-2␣ degradation results in insufficient activation of SOD2, thereby leading to increased oxidative stress. Rodents exposed to IH exhibit hypertension and elevated plasma catecholamines, and anti-oxidant treatment prevents these responses (10, 16) . We therefore evaluated whether IH down-regulates HIF-2␣ in rats exposed to IH and if rescuing HIF-2␣ degradation by calpain inhibitors prevents IH-evoked oxidative stress and hypertension. Adult rats were systemically treated daily with either ALLM (1 mg/kg/day; i.p) or saline solution (i.e., vehicle) every day for 10 days before they were exposed to IH. HIF-2␣ expression was determined in the carotid body, the primary chemoreceptor for arterial PO 2 , which mediates reflex increases in sympathetic nervous system activity, as well as in adrenal medullae, the major source of catecholamines, which contributes to hypertension during IH. As shown in Fig.  6A , HIF-2␣ was down-regulated in carotid bodies and adrenal medullae of IH-exposed rats, and this effect was prevented by treating IH-exposed rats with ALLM. Similarly, ALLM treatment prevented IH-induced increases in TBARS levels and decreases in SOD2 activity in adrenal medullae (Fig. 6 B and C) . More importantly, arterial blood pressures and plasma norepinephrine levels, which are significantly elevated in IH-exposed rats, were restored to control values following ALLM treatment (Fig. 6 D and E) .
Discussion
Our results demonstrate diametrically opposed effects of IH on HIF-2␣ and HIF-1␣. Upon IH exposure, HIF-1␣ was upregulated and HIF-2␣ was down-regulated. The observed effects are remarkable considering that HIF-2␣ is an orthologue of HIF-1␣. The effects of IH can be elicited not only in cell cultures, but also in tissues from IH-exposed rats. The changes in HIF-2␣ protein levels were stimulus-dependent and reversed slowly after terminating IH. The effects are unique to IH because CH up-regulated both HIF-1␣ and HIF-2␣ in cell cultures. Thus, IH has a differential effect upon these two structurally related HIF transcriptional activators.
Although both IH and CH lead to HIF-1␣ accumulation, the signaling mechanisms associated with IH requires complex Ca 2ϩ signaling involving phospholipase C␥, PKC, and mammalian target of rapamycin activation (15) . Activation of NADPH oxidase and the ensuing elevation of [Ca 2ϩ ]i are upstream signaling events for triggering IH-evoked changes in HIF-1␣ (15) . The present results also demonstrate a critical role for Ca 2ϩ signaling in IH-evoked HIF-2␣ degradation. However, unlike experiments. * P Ͻ 0.05; n.s., not significant, P Ͼ 0.05. Fig. 6 . Systemic administration of the calpain inhibitor ALLM prevents HIF-2␣ degradation, oxidative stress, inhibition of SOD2 activity, and autonomic dysfunction in rats exposed to IH. Adult rats were exposed to 10 days of IH and were treated daily with either saline solution (IH) or ALLM (1 mg/kg/d i.p; IHϩALLM). Control experiments were performed on rats exposed to normoxia (N). ALLM prevented the following IH-evoked changes: (A) HIF-2␣ degradation in carotid bodies (CB) and adrenal glands (AG), (B and C) Elevations in TBARS (index of oxidative stress) levels and SOD-2 enzyme activity in adrenal medullae, and (D and E) Increases in arterial blood pressure and plasma norepinephrine levels. Data presented in B-E are mean Ϯ SEM from 8 rats in each group. * P Ͻ 0.05; n.s., not significant, P Ͼ 0.05.
HIF-1␣ accumulation that involves PKC activation, IH-induced HIF-2␣ degradation is mediated by activation of Ca 2ϩ activated proteases, calpain(s), via down-regulation of an endogenous inhibitor, calpastatin. Whether IH-evoked calpain activation also requires NADPH oxidase remains to be determined.
From the co-immunoprecipitation experiments, calpain 1, which is activated by nano-to micromolar Ca 2ϩ , appears more important for IH-evoked HIF-2␣ degradation than calpain 2, which requires millimolar Ca 2ϩ . Why do calpain(s) selectively target HIF-2␣ rather than HIF-1␣ under IH conditions? Basal expression of HIF-2␣ is high in PC12 cells (Fig. 1) . We speculate that, during IH exposure, Ca 2ϩ -evoked calpain activation depletes preexisting HIF-2␣ protein before de novo HIF-1␣ protein accumulation via complex Ca 2ϩ signaling and mammalian target of rapamycin activation (15) .
We propose that calpain-induced down-regulation of HIF-2␣ contributes to IH-evoked oxidative stress, at least in part via transcriptional down-regulation of the HIF-2 target gene SOD2. Our observation that calpain inhibitors restore HIF-2␣ protein levels and prevent oxidative stress in cell culture supports this model. Studies on rodent models revealed that oxidative stress and the ensuing ROS-mediated signaling accompanying IH is critical for much of the IH-evoked autonomic morbidities including hypertension (25) . Prevention of the autonomic changes in IH-exposed rats by calpain inhibitors confirm the findings from cell culture studies and further demonstrate that IHinduced HIF-2␣ degradation has important functional consequences in intact animals.
A substantial population of adult humans and premature infants experience IH as a consequence of sleep-disordered breathing (1-4) . The present observations on the effects of IH on HIF-2␣, taken together with earlier observations on HIF-1␣-deficient mice (16) , provide new insights into the molecular mechanism(s) underlying IH-evoked oxidative stress and the resulting cardiovascular changes associated with recurrent apneas. IH is also encountered under several other clinical scenarios including ischemia/re-perfusion injury, in which ROS signaling and oxidative stress also play an important pathophysiological role (27) . Whether HIF-2␣ inactivation contributes to increased generation of ROS and oxidative stress under these conditions remains to be determined.
